Abstract: A multiphoton absorption is one of the main nonlinear optical characteristics of semiconductor quantum dots (QDs). In this paper, we report on four-photon absorption of ZnSe:Mn QDs. The four-photon excitation spectrum is characterized under 1350 nm excitation with 50 fs femtosecond laser pulses. The experimental results indicate that the highest absorption coefficient was 2.87 × 10 −5 cm 5 /GW 3 for Mn doping of 170 μl, and corresponding cross-section is 2.03 × 10 −79 cm 8 ·s 3 . We also proved that it has low biotoxicity. The results of our studies suggest that these QDs can potentially be used to detect electric fields, limit laser power, and for biosensing applications.
Introduction
During the process of four-photon absorption, molecules simultaneously absorb four incident photons to perform three-level transition processes. The phenomenon is characterized as a nonlinear optical behavior and can occur in various materials. In addition, four-photon absorption can be used to detect features that are relatively deep within a sample because of the long excitation wavelength that is utilized and the corresponding reduction in scattering.
This phenomenon has attracted increasing attention, especially for applications in the biological field. Semiconductor quantum dots (QDs) have also attracted significant attention in fluorescence microscopy and biology applications, because of their excellent physical and optical properties, especially with regard to their quantum coefficient and multi-photon absorption. There are many reports on the investigation of multi-photon absorption of QDs including two-photon, three-photon and four-photon absorption (4PA) [1] - [6] . These reports have demonstrated that QDs have useful potential applications in various optoelectronic devices, bio-imaging and biochips [7] - [10] .
Recently, the nonlinear optical properties of composite structured QDs have been reported, including their multi-photon absorption applications. The unique physical and chemical properties of QDs have promoted the development of multi-photon-based technologies. In particular, ZnSe QDs are semiconductor nanocrystals with a narrow band gap, such that the absorption peak is located at approximately 350-400 nm. These QDs can also readily undergo multi-photon absorption when excited by infrared radiation, including three-photon and four-photon absorption processes. These noteworthy characteristics of QDs have motivated extensive research activity in this field [11] - [23] .
Although QDs can undergo multi-photon absorption, the process for effective improvement of the absorption cross-section is still a challenging topic which remains unresolved. One potential approach is to incorporate other elements in order to improve the physical and chemical properties, thereby improving the absorption cross section. Manganese (Mn) is a metallic element which belongs to a family of metals called transition metals. When Mn is doped into ZnSe QDs, it creates surface defects on ZnSe QDs, and enhances the efficiency of multi-photon absorption [24] - [26] .
Herein, we reported on the four-photon absorption properties of ZnSe:Mn QDs pumped by 1350 nm femtosecond laser pulses. Due to the absorption of water at approximately 1400 nm, 1350 nm was chosen as the pumped source. The ZnSe was doped with Mn at different concentration levels, the fluorescence emission was evaluated and the four-photon absorption (4PA) cross section was subsequently calculated. The results indicate that the largest 4PA cross-section of 2.03 × 10 −79 cm 8 ·s 3 was obtained when the QDs were doped with Mn using 170 μl MnCl 2 solution. This study lays the foundation to facilitate the application of this nonlinear optical phenomenon to applications in bioimaging.
Experimental

Synthesis of ZnSe:Mn QDs
Sodium hydroselenide (NaHSe) was prepared via the reaction of selenium powder and sodium borohydride (NaBH 4 , ࣙ 98.0%) in water at 80°C. A zinc precursor solution was then prepared by mixing 0.5 mmol of Zinc chloride (ZnCl 2 , 98%), Manganese chloride (MnCl 2 , 98%) and mercaptopropionic acid (MPA, ࣙ 99%) in water. The concentration of Mn is controlled by adding different volumes of MnCl 2 solution. The pH of the zinc precursor solution was adjusted to 11.6 and the freshly prepared NaHSe solution was introduced into the zinc solution under continuous stirring. Finally, the temperature was gradually increased to 100°C in order to obtain ZnSe QDs.
Equipment
Ultraviolet-visible (UV-vis) spectra were obtained using a Cary5000 UV-vis spectrophotometer (Agilent Technologies Inc, California, USA). The emission spectra were analyzed using a Cary Eclipse Fluorescence Spectrometer (Agilent Technologies Inc, California, USA) and Ti: sapphire femtosecond laser (Coherent Inc, CA, USA). Fig. 1 shows the normalized absorption and fluorescence emission spectra of ZnSe and ZnSe:Mn QDs, with Mn incorporated at different concentration levels in the latter. The absorption peak of the ZnSe:Mn QDs is approximately 350 nm and the fluorescence emission peak of the QDs located at 570 nm. 
Results and Discussion
Characteristics' and Liner Optical Properties of ZnSe:Mn QDs
Four-Photon Absorption
Four-photon absorption involves the simultaneous absorption of four photons by a molecule to complete the level transition between three real processes. Fig. 2 shows the schematic of the 4PA process.
The four-photon absorption process must satisfy the following conditions of energy conservation [11] .
From the perspective of the semi-classical theory of nonlinear optics, the 4PA process is a seventh-order nonlinear optical process which requires a very high excitation light intensity. The attenuation of a light beam as it passes through an optical medium can generally be expressed by the following phenomenological expression:
In Eq. (2), I(z) is the intensity of the incident light beam propagating along the z-axis and α, β, γ, and ξ are the one-, two-, three-, and four-photon absorption coefficients of the transmitting medium, respectively. For a pure 4PA process, the probability of the simultaneous absorption of four photons by a molecule is proportional to the fourth power of the local light intensity. Here ξ(λ) is the 4PA coefficient (in units of cm 5 /GW 3 ), which can be further expressed as:
where σ 4 (λ) is the molecular 4PA cross section (in units of cm 8 /GW 3 ). The parallel definition of the 4PA cross-section is σ 4 (λ) = σ 4 (λ) · (hν) 3 (in units of cm 8 · s 3 ). The nonlinear transmission for a four-photon absorbing medium with a thickness l 0 is given by: Fig. 3 shows the experimental setup of 4PA measurement. Ti: sapphire femtosecond laser with a pulse width of 50 fs and a repetition frequency of 1 kHz was used as the excitation source for 4PA. The samples were excited at the wavelength 1350 nm with femtosecond laser pulses. The laser Input pumped pulses were focused with an f = 100 mm lens onto the center of a quartz cuvette with the sample solution. The optical path length of the focused pump beam would passed through the sample medium.
Experimental Setup
Four-Photon Induced Fluorescence Spectral Property of ZnSe:Mn QDs
First, we measured the fluorescence intensity of QD as a function of the 1350 nm laser pulse intensity and determined it to be four-photon excitation process. The experimental data are shown in Fig. 4 . It is seen that the data excited at 1350 nm can be fitted by a straight line with a slope of 4.16. This result confirms the occurrence of the four-photon excitation phenomenon under 1350 nm excitation, which is consistent with the principles of equation (3) Fig. 5 shows the fluorescence spectrum for different samples under four-photon excitation at 1350 nm excitation and single photon excitation at 350 nm. There was a strong laser ablation effect on the QDs and therefore the fluorescence spectrum shift towards the short wavelength. A more detailed theoretical analysis on this phenomenon will be pursued in a future study.
For the nonlinear transmission measurements, the laser beam was focused using an f = 10 cm lens onto the center of a quartz cuvette with dimensions 1 cm x 1 cm. In our case, the sample's dynamic transmission was determined as follows: where, T 0 is the linear transmission, T' is the nonlinear transmission, I 0 is the input pulse energy and β is a fitting parameter. The constant path length L in the sample is 1 cm. As shown in Fig. 6 , it can be seen that the measured nonlinear transmission value decreases from 0.45 to 0.20, whereby the increased input pulse energy indicates a superior optical limiting performance.
4PA Cross Section of ZnSe:Mn QDs
For the calculation of the absorption coefficient ξ(λ), the transmittance of the sample is first determined. In this case, T 0 = W 1 /W 2 is the transmittance of the water, and
is the transmittance of the sample. The cell length is 1 cm, and the laser source is 1350 nm with pulse widths of 50 fs. When W 1 2.3 mW, the concentration of the samples would be 1 mM, and thus we obtain the parameters for the nonlinear optical properties of the samples as shown in Table 1 Fig. 7 . During the absorption cross section measurement, the reabsorption of the excited state also contributes to the nonlinear attenuation of the incident light intensity. The reabsorption of the excited state is proportional to the attenuation of the incident light and the number of particles at that energy level. Since the accumulation of the number of particles is mainly at the lowest metastable emission level, the excited state reabsorption mainly occurs at this level. Therefore, the doping shows an increase in the absorption coefficient, which corresponds to an increase in the absorption cross section [27] - [29] .
We also measured the optical absorption of ZnSe:Mn QDs at different concentration levels. Under the action of the femtosecond laser, the addition of Mn 2+ form an additional bound state, i.e., an impurity level is generated. In the experiment, Mn 2+ is added to change the size of the ZnSe QDs (the band gap is narrowed). The effective density of the molecules and the formation regarding the impurity levels affect the charge transfer during multiphoton absorption. In addition to the intrinsic absorption of ZnSe, the doping of Mn can be considered to increase the carrier concentration to some extent, and the increase in nonlinear absorption may be caused by the 3d orbital of Mn 2+ in the ZnSe lattice. This is due to the absorption of free carriers, which facilitates the accumulation of several particles on the fluorescence emission level. On the other hand, the band gap is narrowed within a certain range due to the increase in size after doping, which is reflected by the red-shift of the absorption spectrum. However, as the extent of doping increases, there is an accumulation of the amount of charge in the quantum dots. Electrostatic repulsion occurs, and this action leads to a broadening of the band gap. Thus, the absorption peak exhibits a blue shift when the doping concentration of Mn 2+ is increased. Due to the quantum confinement effect, the oscillation of the excitons is manifested in a single excited state, and the intensity of the vibrator that satisfies the two energy states also increases due to the increase of the band gap (the oscillator strength of the Frenkel exciton increases) [30] , [31] . This behavior proves that these QDs are more suitable for applications that involve limiting optical power. 
Evaluation on Cells Viability of ZnSe:Mn QDs
The cytotoxicity of QDs was determined by MTT colorimetry, as shown in Fig. 9 , with a cell viability >70% for a QD concentration of 0.5 mg/mL. Therefore, ZnSe:Mn QDs are suitable for further in vitro imaging studies.
Conclusion
In summary, we prepared ZnSe:Mn QDs in aqueous solution and reported on the 4PA characteristic of ZnSe:Mn QDs. There was a blue shift in the fluorescence spectrum for four-photon excitation compared to one-photon excitation. The experimental results indicate that the highest absorption coefficient was 2.87 × 10 −5 cm 5 /GW 3 when Mn doping at 170 μl, and the cross-section was 2.03 × 10 −79 cm 8 ·s 3 . Our studies suggest that the investigated ZnSe:Mn QDs could be used for biosensing, and limiting of laser power.
